Objective: Data on the relevance of monocyte chemoattractant protein (MCP)-1 in the pathophysiology of type 2 diabetes (T2D) and obesity are inconsistent. Since MCP-1 is produced by adipocytes and has been postulated to be involved in macrophage infiltration into adipose tissue, we wanted to test whether serum MCP-1 levels were correlated with T2D or obesity. Design and methods: Out of 1653 individuals aged 55 to 74 years participating in the population-based KORA Survey S4 (KORA/Cooperative Health Research in the Region of Augsburg) in Southern Germany, 236 patients with T2D, 242 subjects with impaired glucose tolerance and 244 normoglycaemic controls matched for age and sex were analysed for circulating MCP-1 concentrations. Results: MCP-1 serum concentrations were not associated with impaired glucose tolerance, type 2 diabetes or several parameters of obesity. Moreover, systemic MCP-1 levels were not significantly correlated with all but one (fasting triglycerides) of the biochemical markers tested. Conclusions: Our data indicate that MCP-1 levels are not associated with T2D and that the contribution of fat mass to systemic MCP-1 protein might be low, suggesting that the possible local pathogenic role of MCP-1 may not be reflected by increased systemic levels of MCP-1.
Introduction
Numerous reports have demonstrated an association of obesity and type 2 diabetes (T2D) with immunological parameters. Obese patients show small but definite increases in serum or plasma concentrations of acutephase proteins or proinflammatory cytokines such as C-reactive protein (CRP), interleukin (IL)-6, IL-18, or tumour necrosis factor (TNF) a. Circulating levels of these immune mediators can be lowered by weight loss (1 -4) . Studies on T2D also clearly showed elevated systemic levels of acute-phase proteins including CRP, serum amyloid A, and fibrinogen, or of inflammationassociated cytokines such as IL-6. The possible relevance of these findings was underscored by observations that such immune abnormalities precede the diagnosis of T2D by several years (5 -8) . It has been hypothesised that such 'low-grade inflammation' is based on a mild but chronic activation of the innate immune system (9) . The relative contribution of fat, and of adipocytes in particular, to systemic inflammation remains to be elucidated. Fat cells produce cytokines and chemokines such as IL-6 (10), TNFa (11) , and MCP-1 (13) with broad biological activities, indicating a considerable overlap regarding immune mediator release between adipocytes and 'classical' cells of innate immunity such as monocytes/macrophages or endothelial cells (14) . In addition, recent studies suggest that adipocytes may attract and activate macrophages resulting in an inflamed state of obese adipose tissue, i.e. in mouse models and in humans obesity was associated with infiltration of macrophages into adipose tissue (15) (16) (17) . Obesity in mice was associated with significant upregulation of immune genes in adipose tissue including the chemokine monocyte chemoattractant protein (MCP)-1 (15, 16) . It is therefore conceivable that adipocytes and macrophages participate in an intricate cellular network which forms during the development of obesity and which contributes to the pathophysiology of obesity-related complications like T2D and atherosclerosis. Chemokines such as MCP-1 are obvious candidates to induce macrophage infiltration into fat. Chemokines have been described as important components of innate immune reactivity. They represent a family of low molecular weight proteins that control leukocyte trafficking and activation and act as key mediators of inflammation and other pathophysiological states (18, 19) . Studies using murine models of obesity indicate that MCP-1 is overexpressed in adipose tissue of obese mice leading to higher systemic MCP-1 concentrations (20, 21) . At the cellular level, it seems that most of the MCP-1 secreted from adipose tissue is derived from non-fat cells (22) (23) (24) . In different culture systems including 3T3-L1 adipocytes, human in vitro differentiated adipocytes and whole tissue explants, it could be shown that MCP-1 release could be stimulated with insulin resistanceassociated mediators such as TNFa, IL-1b, IL-6 and growth hormone, whereas anti-diabetic/anti-inflammatory agents such as IL-10, metformin and thiazolidinediones suppressed MCP-1 release (13, 22, 24, 25) . Insulin itself upregulated MCP-1 expression in 3T3-L1 adipocytes (25) , but had no effect on MCP-1 release from adipose tissue in vitro (24) . MCP-1 appears to affect adipocyte metabolism on multiple levels by decreasing lipid accumulation, protein tyrosine phosphorylation, expression of glucose transporter 4 and insulin-stimulated glucose uptake (13, 20) . Thus, it is possible that elevated MCP-1 levels may have pathophysiological implications for the development of T2D. MCP-1 serum levels are elevated in patients with hypertension and dyslipidaemia (26) , but reports on the association with T2D are inconsistent, and data from population-based studies are sparse (27, 28) . We hypothesised that if MCP-1 is relevant for macrophage infiltration into adipose tissue and obesity-mediated immune activation, the analysis of circulating MCP-1 in participants of the KORA S4 should reveal a positive correlation of serum MCP-1 levels and diabetes status or parameters of obesity.
Subjects and methods

Study population
The design of the KORA Survey S4 (KORA S4, Kooperative Gesundheitsforschung in der Region Augsburg/ Cooperative Health Research in the Region of Augsburg; previously designated KORA Survey S2000) has been described previously (29) . Briefly, a sample of the adult general population of German nationality in the region of Augsburg was recruited from October 1999 to April 2001. The sampling design followed the guidelines of three previous surveys conducted in this region within the frame of the multinational Monitoring of Trends and Determinants in Cardiovascular Disease (WHO-MONICA) Augsburg project (30) . The investigations were carried out in accordance with the Declaration of Helsinki as revised in 1996, including written informed consent of all participants. The survey comprised 4261 men and women between 25 and 74 years of age, with a response rate of 67%. Our report is based on subjects aged 55 to 74 years (n ¼ 1653). All subjects participated in a standardised personal interview carried out by trained staff. Blood samples were obtained, which were fasting in non-diabetic subjects and in newly detected diabetic patients, and non-fasting in subjects with a known history of diabetes.
Oral glucose tolerance test (OGTT)
All individuals without a known history of diabetes were subjected to a 75 g OGTT. Because of the variability of OGTT (31, 32), a standardised protocol was followed which required fasting from 2200 h in the evening before the visit until 0800 to 1100 h the next day. Insulin resistance (IR) measured by homeostasis model assessment (HOMA) was calculated as follows: HOMA-IR ¼ fasting glucose (mmol/l) £ fasting insulin (mU/l)/22.5. Individuals with signs of infections were not eligible. Previously known diabetes was defined based on self-reported physician diagnosis or use of anti-diabetic agents. Newly diagnosed diabetes ($ 7.0 mmol/l fasting or $ 11.1 mmol/l 2-h glucose level), impaired glucose tolerance (IGT; 2-h glucose level $ 7.8 mmol/l, but , 11.1 mmol/l) and normal glucose tolerance were defined following the 1999 World Health Organization (WHO) criteria (33) . Ten subjects were excluded because they were positive for glutamic acid decarboxylase (GAD) autoantibodies. Autoantibodies to GAD were measured using radiolabelled human recombinant antigen in a 96-well assay format as described (34) . The cut-off for GAD antibody positivity was set at the 99th percentile in healthy control subjects (6.5 GAD antibody units). Furthermore, 4 subjects with an incorrect OGTT, 4 subjects with secondary diabetes because of pancreatitis and 5 subjects with known history of type 1 diabetes were excluded. Serum analyses were performed in individuals with T2D (n ¼ 236), with IGT (n ¼ 242) and in normoglycaemic control subjects (n ¼ 244), frequency matched for age and sex. Diabetic patients comprised 116 individuals diagnosed previously with T2D by the treating physician (mean duration from diagnosis 9.1^6.7 years) and 120 subjects with a diagnosis of T2D identified during the survey.
Bioelectrical impedance analysis and laboratory measurements
Bioelectrical impedance analysis was conducted to estimate total fat-free mass and body fat using the BIA-2000-S Analyser (Data Input, Frankfurt, Germany). Relevant parameters were estimated using the equation developed by Segal et al. (35) . Blood samples were drawn and prepared according to the recommendations of the International Committee for Standardisation in Haematology (36) . The following parameters were measured on fresh samples. Serum glucose was measured by Gluco-quant (hexokinase method; Roche Diagnostics, Mannheim, Germany). The percentage of HbA1c was analysed by Tina-quant (turbidimetric immunologic method; Roche Diagnostics). Total cholesterol was measured by enzymatic methods (CHOD-PAP; Roche Diagnostics). High-density lipoprotein (HDL) cholesterol was measured after precipitation with phosphotungstic acid/Mg 2þ (Roche Diagnostics), low-density lipoprotein (LDL) cholesterol after precipitation with dextran sulphate (Quantolip LDL; Immuno AG, Vienna, Austria). In addition, serum was stored at 2 80 8C for further analyses.
Analysis of CRP and MCP-1
Plasma CRP concentrations were assessed by high sensitivity latex enhanced nephelometric assay on a BN II analyser (Dade Behring, Marburg, Germany) (37). Serum MCP-1 was measured by sandwich ELISA (R&D Systems, Minneapolis, MN, USA), which met the following criteria: linearity of the signal for the standard curve between optical density 0.05 and 2.0, difference between expected and measured signal in spiking experiments less than 15%, loss of signal after freezing and thawing of sera three times less than 20%. Interference of heterophilic antibodies was not observed. Intra-and interassay variations were determined using serum samples assayed in duplicate in the same assay or in different assays. Mean values for intra-and interassay variations were 15.2% (n ¼ 79) and 16.9% (n ¼ 11) respectively. The detection limit was 17.8 pg/ml. In one subject, the MCP-1 concentration was lower than the detection limit. This individual was assigned a value of 50% of the detection limit for further analyses.
Statistical analyses
Data with a Gaussian distribution were described by means^S.D., whereas data with a non-Gaussian distribution are given as median and 25th/75th percentiles (all other continuous variables). MCP-1 concentrations and log-transformed values were tested for normality with the Kolmogorov -Smirnov test. Differences between groups were analysed by t-test, Wilcoxon test, ANOVA and Kruskal -Wallis test, as appropriate.
In the case of 3-group comparisons, ANOVA combined with Fisher's Least Significant Difference test was used in the parametric case. In the non-parametric case the overall test of Kruskal -Wallis was followed by pairwise comparisons using Wilcoxon tests, if the overall test was significant. For dichotomous variables, absolute numbers were given and compared with the chisquare test. Spearman rank correlation coefficients were used to analyse associations between serum MCP-1 concentrations and clinical, metabolic or immunological variables. The level of significance was set at P , 0.05. Calculations were carried out using GraphPad Prism 4 software (GraphPad Software, San Diego, CA, USA) and SAS Release 8.2 TS2MO (SAS Institute, Carg, NC, USA).
Results
Basic characteristics of the study participants
A comparison of basic characteristics of the study participants is given in Table 1 . The study group (n ¼ 722) is slightly larger than the previously described group used for immunogenetic analyses (n ¼ 704) (38) . This difference is mainly due to missing DNA samples for some individuals, which were, however, included in the serological analysis. T2D, IGT and control groups were similar with regard to age and sex distribution. The patients with T2D or with IGT showed significantly elevated mean or median levels of body mass index (BMI), waist/hip ratio (WHR), body fat content, fasting glucose, fasting insulin, HOMA-IR, HbA1c, fasting triglycerides, systolic and diastolic blood pressure, CRP and leukocyte count compared with the normoglycaemic controls, while HDL cholesterol concentrations were lower than in controls (Table 1) . In addition, patients with T2D exhibited a significantly elevated fat-free mass and decreased total and LDL cholesterol compared with controls (Table 1) .
Systemic MCP-1 concentrations are independent of diabetes status
Both MCP-1 concentrations in the study participants and the corresponding log-transformed values differed significantly from a Gaussian distribution (P , 0.01), so that group comparisons regarding MCP-1 levels required non-parametric tests. MCP-1 serum concentrations did not differ significantly between patients with T2D, subjects with IGT and controls (median (25th; 75th percentiles): 286 (214;357) pg/ml vs 312 (229; 407) pg/ml vs 311 (214; 433) pg/ml respectively; n ¼ 230/240/241; P ¼ 0.065; Fig. 1 ). Exclusion of participants with a history of myocardial infarction (see Table 1 ) had hardly any impact on this result. Since anti-inflammatory medication or infections might modulate MCP-1 concentrations, all subjects on steroids, non-steroidal anti-inflammatory agents, lipid-lowering drugs or hormone replacement therapy and subjects with recent infections were excluded in additional analyses. Results confirmed a lack of association of MCP-1 levels and diabetes status (T2D: 286 (207; 359) pg/ml vs IGT 302 (222; 408) pg/ml vs controls 319 (190; 451) pg/ml; n ¼ 121/118/121; P ¼ 0.34). Since the T2D group consisted of almost equal numbers of newly and previously diagnosed cases, these two subgroups were also compared. There was no statistically significant difference in MCP-1 levels between the two groups (P ¼ 0.15).
Systemic MCP-1 concentrations are independent of obesity and other clinical or biochemical parameters
In order to test for an association with clinical or biochemical markers including obesity-related variables, the whole study group was stratified into tertiles of MCP-1 serum concentrations. As shown in Table 2 , study participants with low, intermediate or high MCP-1 levels did not differ statistically for any of the tested clinical or biochemical variables except for fasting triglyceride levels with a trend towards elevated triglycerides in individuals with high MCP-1 levels. This result was confirmed by Spearman rank correlation analysis, which included the whole study group and all variables shown in Table 2 . Serum MCP-1 concentrations were weakly correlated with fasting triglyceride levels (r ¼ 0.09, P ¼ 0.03), but not significantly correlated with any of the other markers (data not shown).
Discussion
The aim of this study was to investigate the role of MCP-1 in the context of T2D and obesity. Our data demonstrate that circulating MCP-1 concentrations do not correlate significantly with IGT or T2D. The main strength of the KORA S4 is the representation of the population. This is especially important since MCP-1 has been described to be associated with components of the metabolic syndrome, but in particular with atherosclerosis (39) . Any patient selection that leads to the accumulation of individuals with cardiovascular disease or risk factors like morbid obesity would therefore face the problem that the underlying atherosclerosis might significantly modify all MCP-1-related associations. This may explain previous reports of elevated MCP-1 levels in patients with T2D or morbid obesity among patients with acute coronary syndromes (40, 41) . It is conceivable that the combination of cardiovascular disease, T2D and/or morbid obesity increased MCP-1 levels by a mechanism which would not be detectable in a population without cardiovascular disease. This interpretation is supported by recent results from the Dallas Heart Study, which demonstrate the association between systemic MCP-1 concentrations and T2D or BMI in the whole study population, whereas both associations disappeared after exclusion of all subjects with evidence of subclinical atherosclerosis (28) . Since measures of subclinical atherosclerosis are not available for the KORA S4 participants, atherosclerosis cannot be excluded as confounder in the present study. It should, however, be noted that the diabetes and control groups, despite the difference in blood pressure, did not differ in the frequency of previous myocardial infarction. Hence, it is likely that the T2D patients in the KORA S4 had a lower cardiovascular burden than diabetes patients in the aforementioned studies where all patients had acute coronary symptoms (40, 41) . A second factor that might explain the contrast with previous data may be the fact that most of the diabetes patients in KORA S4 were metabolically rather stable, as seen by the moderate differences between median HbA1c and fasting glucose levels that may have masked an effect of severe hyperglycaemia on systemic MCP-1 concentrations. The difference in fasting glucose levels between controls and previously undiagnosed T2D patients was higher in an Italian study of elderly women also selected from a population survey which indeed reported higher MCP-1 levels in T2D patients (27) . This interpretation is supported by the recent observation that the MCP-1 mRNA expression in monocytes from poorly controlled T2D patients tended to be higher than in well-controlled T2D patients (42) . Despite the considerable number of study participants, we found no evidence that systemic MCP-1 concentrations are associated with parameters of obesity like BMI, WHR and body fat mass, indicating that the contribution of adipose tissue to circulating MCP-1 levels may be low. This observation is in line with other population-based surveys (27, 28) . However, it has been reported that weight loss or exercise decrease systemic MCP-1 concentrations (43, 44) . This effect may be attributable to a complex mechanism whereby weight loss and modest physical exercise lead to a general and systemic attenuation of low-grade inflammation which parallels weight loss and includes reduction of MCP-1 release from stromal-vascular cells accounting for most of the adipose tissue-derived MCP-1 (22 -24) . In this context, the population-based Table 2 Clinical and biochemical variables of the study participants stratified for MCP-1 tertiles (described by median (25th; 75th percentiles) and range). Data with Gaussian or non-Gaussian distribution are given as means^S.D. and median (25th; 75th percentiles) respectively. For dichotomous variables, absolute numbers are given. aspect of the survey might have been a disadvantage because a lean control group in the studied age group was not available. It cannot be excluded that a wider BMI range with higher proportions of lean and morbidly obese individuals would have revealed a positive association of MCP-1 levels and obesity-related variables. It should be noted that the study did reveal a significant positive association between systemic MCP-1 and elevated triglycerides levels, which are a feature of T2D and obesity. Since the association was relatively moderate (Spearman's rank coefficient r ¼ 0.09) and since we performed multiple tests in this study, a spurious association cannot be excluded.
Given the ever-increasing list of immunological mediators postulated to be risk factors or at least risk indicators for T2D, the lack of association between MCP-1 levels and IGT as well as T2D is remarkable. On the one hand, there is accumulating evidence that chronic low-grade activation of innate immunity is a major factor in the development of T2D (8, 9) . On the other hand, this and other analyses of the immune status in epidemiological studies reveal that there is neither a general nor a random upregulation of inflammatory immune mediators, but rather a differential, specific and coordinated immune activation (45, 46) .
In conclusion, we investigated the correlation of circulating MCP-1 levels with glucose tolerance status and indices of obesity. Our data demonstrate a lack of association of MCP-1 with IGT and T2D in the KORA Survey S4. In addition, MCP-1 concentrations were independent of various obesity-related parameters which suggests that at least in this elderly and mostly overweight or obese population, systemic MCP-1 levels are not significantly regulated by hyperglycaemia or adipose tissue mass and that the possible local pathogenic role of MCP-1 may not be reflected by increased systemic levels of MCP-1. These and previously published data highlight the need for large prospective studies in different populations to explore the contribution of elevated MCP-1 concentrations to the development of T2D.
